Background: The microtubule network, upon which transport occurs in higher cells, is formed by the polymerization of a and 3 tubulin. The third major tubulin isoform, y tubulin, is believed to serve a role in organizing this network by nucleating microtubule growth on microtubule-organizing centers, such as the centrosome.
pericentriolar material. Foci of y tubulin were observed at the periphery of the organized pericentriolar material, as reported previously, often near the termini of microtubules. A further and major location of y tubulin was a structure within the proximal end of the centriolar barrel. The distributions were complementary, in that ao tubulin was excluded from the core of the centriole, and y tubulin was excluded from the microtubule barrel.
Conclusions:
We have shown that y tubulin is localized both in the pericentriolar material and in the core of the mammalian centriole. This result suggests that y tubulin has a role in the centriolar duplication process, perhaps as a template for growth of the centriolar microtubules, in addition to its established role in the nucleation of astral microtubules.
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Background
The centrosome has fascinated cell biologists since it was first recognised to be the region of the cell from which asters arise during mitosis and the microtubule network originates in interphase [1, 2] . Although the morphology of centrosomes varies with cell type and species, the typical mammalian centrosome is comprised of two perpendicularly arrayed centrioles and their associated pericentriolar material. The canonical centriolar structure is a barrel of nine triplets of microtubules, which is elaborated by appendages, satellites and a variety of internal structures. Despite extensive studies of centrosomal morphology, a complete correlation of its intricate structure with its essential molecular components is not yet available; dozens of centrosomal antigens have been described [3, 4] , but only a few have been localized within the structure.
A major step toward an understanding of the molecular basis of the centrosomal control of microtubule nucleation was the discovery by Oakley and colleagues [5] of y tubulin. This is the product of a gene which complemented temperature-sensitive mutations in the gene encoding 3 tubulin. The sequence of -y tubulin is conserved from yeast to mammals [6] , but is as distinct in sequence from ao and 3 tubulin as they are from each other. Although the genetic evidence indicated that y tubulin must interact with 3 tubulin [5] , biochemical and immunocytochemical studies have shown that it does not enter microtubules formed from a and 3 tubulin [5, 7] .
Immunofluorescence studies in a number of species have shown that y tubulin is localized to the centrosome in animal cells, and to the functionally equivalent structures in plant and fungal cells. In each case, the localization of y tubulin matches the focus of microtubule-organizing activity in the cell. Deletion of the y tubulin gene in fungal cells [8] , or interference with y tubulin activity using specific antibodies in animal cells [9] , causes the loss of microtubule nucleation during mitosis and interphase. The presence of y tubulin in centrosomes is believed to be the molecular explanation for their role in organizing the microtubule network of the cell.
A recent, elegant study of the role of y tubulin examined the effects of its overexpression in mammalian cells [10] . Microtubule nucleation was increased, demonstrating a direct link between y tubulin and microtubule nucleation in vivo. The authors also showed that overexpression resulted in the formation of 50 nm diameter tubes ('macrotubules'), which were rich in y tubulin but appeared to exclude a( and 3 tubulin.
The localization of y tubulin by electron microscopy would be an important step in elucidating the function of this intriguing molecule. Unfortunately, the definitive localization of antigens within the centrosome has been hindered by the contending requirements of preserving antigenicity and maximizing accessibility. The use of a pre-embedding technique to preserve antigenicity has demonstrated that y tubulin is localized to the pericentriolar material [7] ; this supports the view that it is involved in microtubule nucleation as the pericentriolar material is the initiation site of astral and cytoplasmic microtubule growth [11, 12] . The y tubulin in the pericentriolar material may therefore act as a template for astral microtubules, promoting the growth of the 13 protofilament microtubules over the kinetically favoured 14 protofilament microtubules that dominate under selfassembly conditions. A recent result has shown that y tubulin binds to the minus ends of microtubules, as would be required for this role [13] . Other centrosomal components, such as pericentrin, appear to aid y tubulin in organizing microtubules [14] , but an understanding of the role of such higher-order interactions of y tubulin [15] must await a characterization of the organization of the components of the centrosome.
A role for y tubulin in the replication of centrioles has been suggested by studies in vitro [16, 17] . This has been most convincingly demonstrated by the use of Xenopus egg extracts, which donate y tubulin to centrioles in vitro. Pre-embedding immunocytochemistry did not detect y tubulin in the centrioles prior to incubation in the egg extract. After incubation, y tubulin was found in high molecular weight complexes, and was localized to the sites of microtubule nucleation after centrosome formation [17] . This demonstration of complementation gave rise to a hierarchical model for centrosomal organization [17] . The available immunolocalization data distinguished three functional classes of centrosomal antigens: those strictly associated with centrioles or basal bodies, such as centrin and ot tubulin; those associated with centrioles and the pericentriolar material, such as pericentrin; and those associated only with the pericentriolar microtubule nucleation sites, such as y tubulin.
The immunolocalization of centrosomal antigens is complicated by the need to preserve of antigenicity and morphology, which often conflicts with the requirements for accessibility throughout the structure and high contrast in the image. Pre-embedding techniques address only the first of these needs. We have developed a technique for performing immunocytochemistry on centrosomes that combines the antigenic preservation afforded by cryo-fixation with the accessibility that is typical of post-embedding immunogold labelling methods [18] . A key feature of our method is the use of a post-sectioning fixation step before the final staining procedures. This overcomes the problem that cryo-fixation followed by freeze substitution and Lowicryl embedding results in material that is sensitive to contrasting agents [18] .
In this study, we have applied this technique to isolated centrosomes and to centrioles within intact cells to establish the distribution of tubulin isoforms. We confirm that -y tubulin is localized to the pericentriolar material [7, 17] , and show this localization corresponds to the sites of microtubule contact with the pericentriolar material -as would be expected for the role of y tubulin in microtubule nucleation. Furthermore, we show that y tubulin is a major component of the core of the centriole, as might have been expected from its demonstrated role in centrosome nucleation [7, 16] . As the core and distal portions of the centriole are formed earliest during replication, y tubulin is properly positioned to serve as a template during centriolar duplication, in addition to its previously recognized role as a template for astral microtubule nucleation.
Results
Localization of y tubulin in isolated centrosomes
Using the post-sectioning fixation technique, the internal features of isolated centrosomes were well preserved because the size of the structure allowed complete vitrification of the sample and the avoidance of ice damage. When the serial sections were cut nearly perpendicular to the barrel axis, the triplet microtubules of the centrosome barrel were well resolved ( Fig. la-t) , as were the other internal features such as the symmetric structure seen at the base of the barrel (Fig. c,d ). In order to determine the distribution of y tubulin within the centrosome, we used an affinity-purified rabbit antiserum raised against a peptide within the carboxyl terminus of the Xenopus y tubulin. The antibody was then visualized using 10 nm protein A gold (PAG), and y tubulin seen to be localized throughout the proximal and medial portion of the pericentriolar material (as expected, [7] ); stereo views of sections showed that this localization was often near the periphery of the structures formed by the pericentriolar material, in the satellites and other extensions that project from the proximal end of the centriole, and in the sheath of pericentriolar material that surrounds the centriolar barrel.
Unexpectedly, this peripheral localization was not the only site of y tubulin localization. A 'core' structure that was entirely within the centrosome barrel was also seen to be consistently labelled with antibody, indicating the presence of y tubulin. Examination of dozens of stereo views of serially sectioned centrosomes showed that the core labelling extended from the proximal end of the centriole to its middle ( Fig. lg-i) . The stereo views provided no convincing evidence for the localization of y tubulin in the microtubule triplets themselves. However, y tubulin was consistently labelled in the connection [19] that joins the two centrioles of the centrosome (Fig. lj,k) .
Three control experiments were carried out to determine the specificity of y tubulin labelling in these experiments. Firstly, the antibody specific to the carboxy-terminal peptide of y tubulin was omitted from the procedure; secondly, before labelling, this antibody was incubated with the peptide antigen used to raise the antiserum. No labelling of pericentriolar material or internal structures with 10 nm PAG was observed under these conditions (data not shown). Thirdly, a rabbit polyclonal antibody (Xgam) raised against a fusion protein of Xenopus y tubulin [7] was used. This antibody gave labelling patterns that were indistinguishable from those obtained with the peptide antibody (data not shown).
Complementary distributions of y tubulin and a tubulin within the centriole
The pre-embedding technique used for previous y tubulin immunolocalizations was not designed to visualize antigens buried within the structure of the centrosome. Using this technique, oa tubulin was only localized to its previously described distribution at the edge of the pericentriolar material (data not shown). However, the postsectioning fixation technique has also shown extensive labelling of ao tubulin through the microtubule barrel of the centriole [18] .
The greater accessibility of antigens afforded by the postsectioning fixation technique therefore allowed us to determine the relative locations of y and o tubulin in the centriole by double labelling experiments. Both ot tubulin (labelled with 5 nm PAG) and y tubulin (labelled with 10 nm PAG) were seen in the pericentriolar material (Fig. 2) . The labelling of a( tubulin was peripheral to that of y tubulin, consistent with the established role of y tubulin in astral microtubule nucleation (Fig. 2a) [10] . The labelling patterns of ot tubulin and y tubulin in the centriole itself were complementary. No ot tubulin labelling of the core was ever seen, although the triplet microtubules were always labelled. In addition to its localization in the core, y tubulin labelling was found peripheral to the triplet microtubules when pericentriolar material could be observed (Fig. 2c,d) .
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sections showed that the y tubulin was found throughout the length of the core and within a radius of 200 A of the centre (Fig. 3c ). This measurement is consistent with the diameter of the macrotubules formed by the overexpression of y tubulin [10] . The distribution shows that y tubulin is not significantly enriched at the base, and cannot be the only component of the morphologically defined core. 
Quantitative distribution of tubulin isoform labelling
The images shown in Figures 1 and 2 are representative of the several hundred images from several scores' of sets of serial sections used in this study. We found that it was important to examine the distribution of labelling in serial sections and often in stereo images to untangle the threedimensional nature of the labelling pattern in individual images. Quantitation also overcomes this effect because the average distribution of label is a more robust measure of localization than any individual measurement. We therefore characterized the distribution of ot and y tubulin in sections of centrosomes with respect to the morphological landmarks of the centriole visible in the section -the microtubule barrel, the internal core and the base (Fig. 3a) .
The quantitation of the distribution of t and y tubulin in sections perpendicular to the barrel showed that two populations of y tubulin were sharply demarcated by the position of the barrel (Fig. 3b) . As suggested by the individual images, the two tubulin isoforms did not overlap within the barrel, but did overlap within the pericentriolar material. Of the 676 y tubulin labels measured, 16.7 % were within the barrel. The ratio of concentrations is higher as the frequency at different radii must be corrected by a factor of l/r for a comparison of concentrations in cross sections. The quantitation of longitudinal
Localization of y tubulin in intact cells
The use of isolated centrosomes allows good preservation of the structure for analysis, but does so at the expense of the contextual information that defines the relationship of this organelle to other structures in the cell. Furthermore, the preparation procedure causes some distortion of the centriolar barrel and pericentriolar features, presumably due to the pelleting used during isolation. The distribution of y tubulin might also alter during isolation, such that localization reflects adventitious binding of y tubulin to the centrosome. In order to determine whether such experimental artifacts were affecting our results with isolated material, and to obtain the contextual information about the centrosome, we applied the post-sectioning fixation technique to whole Madin-Darby canine kidney (MDCK) cells.
Freeze substitution and post-sectioning maintained the morphology of interphase MDCK cells, and structures such as the mitochondria, Golgi apparatus and cytoplasmic microtubules were well preserved (Fig. 4) . The centriolar barrel and pericentriolar material of the centrosomes in these sections were not distorted and, as in the isolated centrosomes, y tubulin was localized to the pericentriolar material and to the centriolar core (Fig. 4b) . Serial sections of centrioles in these intact cells confirmed this localization. Figure 5 shows the distribution of y tubulin in serial sections of a pair of centrioles; the right member of the pair is sectioned nearly perpendicular to the barrel (Fig. 5e-i shows serial distal to proximal sections), and the left member is sectioned obliquely. The cores of both mother and daughter centrioles show y tubulin labelling, and labelling is also seen at the edge of the pericentriolar material.
The context provided by the sections of the intact cell showed that the sites of y tubulin labelling in the pericentriolar material were often the sites of tangential contact with cytoplasmic microtubules (Figs 5 and 6 ). Although we have not defined these positions as the sites of initiation of microtubule growth, the similarity between our results and those obtained in the threedimensional reconstruction of Drosophila centrosomes [20] suggests that this is indeed the geometry of the y tubulin-microtubule interaction.
Mitotic and interphase centrosomes show similar distributions of y tubulin
The MDCK cells used for the labelling were subconfluent, and some mitotic cells could be examined. Low-magnification analysis of sections of metaphase cells showed that the microtubules connecting the kinetochores and RESEARCH PAPER 1387
The centriole core contains yytubulin Fuller eta/.. centrosomes were easily visible (Fig. 6a) . As in interphase sectioned pairs of centrioles in the metaphase cells. Figure   cells , y tubulin was localized to the edge of the peri-7 shows an example in which the sectioning is near to the centriolar material and to the core within the proximal common plane of the centriolar barrels; y tubulin was end of the centriole (Fig. 6b,c) . In a few instances, we labelled in the cores of both the mother and the daughter Labeliing of y tubulin is seen in both the mother and daughter of this pair of centrioles. The right member of the pair is sectioned perpendicular to the barrel axis with the sections running from (f) distal to (i) proximal. Scale bar, 0.5 pm.
centrioles, and in a structure at their proximal ends. The region of the daughter (intersecting) centriole that was closest to the mother was labelled by y tubulin (Fig. 7b) . Contacts between the positions of pericentriolar y tubulin localization and microtubules had the same geometry as in interphase cells (Fig. 7) . We conclude that the general features of the distribution of y tubulin in the core nd pericentriolar material are similar in the centrosomes of both mitotic and interphase cells.
Discussion
The major result of this work is a more complete description of the distribution of y tubulin in the centrosome. We have analyzed this distribution in both isolated centrosomes from a lymphoid line, which allow very good preservation of internal features due to their ease of vitrification, and in intact MDCK cells, which provide the context for the centrosomal structure but are less efficiently vitrified. The freeze substitution, post-sectioning fixation technique allows access to internal structures, as demonstrated by the high degree of labelling of a tubulin in the barrel microtubules of isolated centrosomes [18] . Using this technique with an anti-y tubulin antibody, we observed y tubulin labelling at the periphery of the pericentriolar material, in agreement with a previous report that used pre-embedding immunocytochemistry [7] . The electron-dense connection between centrioles [19] is also a site of y tubulin localization. We also report the novel finding that an organized structure within the proximal end of the centriole contains y tubulin. The length of the structure is approximately 0.2 m and its radius is 200 A. Although the structure is found within the proximal end of the centriole, the proximal end itself was never labelled with the antibody, nor were the microtubules of the centriole barrel. In double labelling experiments using antibodies directed against ot and y tubulin, we determined that their distribution within the centriole was complementary -ot tubulin was found only in the microtubule barrel, whereas y tubulin was found only in the proximal core structure.
The y tubulin distributions which we observe in the isolated centrosomes appear to accurately reflect the cellular distribution. The observation that the distribution seen in isolated centrosomes matches that seen in intact cells rules out the possibility that y tubulin has redistributed to bind selectively to the central core. Our observations confirm and extend those obtained by pre-embedding techniques [7] . Our information is more complete because the freeze substitution and post-sectioning fixation technique preserves morphology and antigenicity while allowing access to internal antigens.
The use of intact cells confirmed the localization of the y tubulin in the centriole core, and allowed us to determine that the features of y tubulin distribution in mitotic and interphase cells are very similar. In the intact cells, however, the morphology of the microtubules within the centriole was not as well preserved as in the isolated material. This reflects freeze damage affecting the relatively fragile centriolar structure as well as regions of the nucleus. The preparation of the sample using the high cooling rate of the propane jet mitigates ice damage within the cell, but does not prevent it completely. Highpressure freezing would abolish ice damage, but has been reported to depolymerize microtubules [21] . Nevertheless, the propane-jet method allowed us to visualize the context of the centriole as well as the distribution of y tubulin.
The generally accepted role for y tubulin is the nucleation of cytoplasmic microtubules from the pericentriolar material. The sites of contact between y tubulin localization and microtubules have a characteristic geometry that would impose a handed and polar organization on the cytoplasmic microtubules [20] , indicating that the pericentriolar material has a specific organization despite its nebulous appearance. In this context, the description of egg-extract y tubulin as part of a 25 S cytoplasmic complex is intriguing [17] . Such an extended, higher-order structure would be capable of the interactions that could impose geometry on the microtubule contact. Indeed, a hierarchical model of the centrosome in which central components such as pericentrin impart positional information to higher-order structures containing y tubulin would allow such organized interactions [14, 15, 17] . A hierarchy of organizing interactions is a common theme in complex virus structures -a variety of simple components combine in subassemblies, which then interact to organize the complete structure [22, 23] .
The observation that sperm centrioles lack y tubulin prior to incubation with egg extract refers only to the peripheral y tubulin accessible to pre-embedding techniques [17] . However, an increasing body of evidence indicates that y tubulin has a structural role in the centrosome Fig. 7. A series of sections (a-c) from a metaphase cell, showing a pair of centrioles that are sectioned near to the common plane of their barrels. The spindle pole (not shown) is to the lower right. The mother (the lower of the pair) shows both pericentriolar and core labelling of y tubulin. The daughter (above) shows a similar pattern in which the labelling at the proximal end is seen closest to the mother. Scale bar, 0.5 pm. [9, 16, 17, 24] . We have determined that y tubulin is component of both the periphery and the core of the centriole, and that the y tubulin within the core fills a volume with similar dimensions to that reported for the macrotubules produced by overexpression [10] . The presence of y tubulin in a core structure within the centriolar barrel suggests that it has a specific role as a centriolar template for this population of the molecule. Two groups have shown that sperm centrioles acquire y tubulin when incubated in an egg extract [16, 17] which supports centrosome duplication [25] .
An attractive model is that the observed binding of y tubulin to the mother centriole represents a template for the growth of the microtubule barrel of the procentriole. Indeed images such as Figure 7 , which show the motherdaughter intersection, evoke such a hypothesis. Figure 8 presents a schematic of this view of centriole duplication. The maternal centriole contains y tubulin at its core and at the periphery of the pericentriolar material (Fig. 8a,b) . Duplication begins with the association of y tubulin and other components with a site at the side of the centriolar barrel (Fig. 8c,d ), forming a template from which the microtubules of the daughter centriole grow (Fig. 8e-g ). Once the daughter's barrel has grown to full length, the centrioles separate (Fig. 8h,i) but remain linked by a structure that contains y tubulin ( Fig. 8i ; see also Fig. 1 ). The relatively high stability of centriolar microtubules could be a consequence of the recently demonstrated stability of the y tubulin macrotubules [10] .
The present work does not demonstrate this model. However, by recasting the question of the nucleation of daughter centrioles into one of the organization of the y tubulin template, clear paths are indicated for experimental tests by reconstitution and depletion experiments with in vitro systems [16, 17, 25] . The model leaves open the question of the control of the centriole length.
The origin of the two populations of centrosomal y tubulin is also an important question. The complementation of sperm with egg extract indicates strongly that the peripheral population arises maternally [17] , but the core population may have an different origin and may be chemically distinct. The demonstration of an antigenically distinct population of y tubulin that seems to be associated with centrioles but not with their peripheral structures [26] , suggests that the two localizations correspond to different proteins. In Drosophila, the two y tubulin genes [27] are differentially expressed during development (C. Gonzalez, unpublished observations), as might be expected if they play different functional roles. It will also be interesting to apply our post-sectioning method to the fungal equivalent of the centrosome, the spindle pole body, which is known to contain y tubulin, to see whether it contains a core as well as a halo of y tubulin.
Materials and methods
Immunological reagents
The antibody to ao tubulin (a kind gift from T.E. Kreis) was raised against the carboxy-terminal 13 amino acids of ot tubulin (KVEGEGEEEGEEY) [28] . The antibody to y tubulin was generated against the synthetic peptide, HAATRPDY-ISWGTQC, which corresponds to amino acids 433-437 of Xenopus y tubulin [7] , with an additional carboxy-terminal cysteine residue for coupling. The peptide was conjugated with keyhole limpet haemacyanin [29] , and used to immunize rabbits [30] with 50 g injected into lymph nodes and 25 Lg injected subcutaneously thereafter. The antiserum was affinity-purified on the synthetic peptide coupled to CNBr-activated Sepharose [28] . The specificity of the antibody was controlled by preincubating it with a five-fold molar excess of peptide before using it for immunocytochemistry. For some experiments, the Xgam antibody [7] was used and gave identical results.
Immunolabelling and sectioning
Isolated centrosomes were prepared as described [31] . Strain 2 Madin-Darby canine kidney (MDCK) cells were grown on gold foil as described [32] . A detailed discussion of the immunocytochemical technique used with freeze-substituted samples has been presented [18] . Briefly, centrioles were concentrated by centrifugation onto carbon and Formvar coated 100 mesh electron microscopy grids. The samples of isolated centrosomes were vitrified on the grids by plunging into ethane slush [33] . MDCK cells were vitrified using a propane-jet freezing device (Balzers CryoJet type QFD-101) to compensate for the greater thickness of the sample. The samples were then placed in a Reichert-Jung CS Auto Cryo Substitution apparatus in the presence of 0.5 % (w/v) uranyl acetate in methanol at -90 C. After freeze substitution, the samples were embedded at low temperature (-45 C) in Lowicryl HM20 and polymerized with ultraviolet light [18] . The blocks were removed from the device and allowed to complete polymerization in ambient light for three days. Serial sections were cut from each sample and placed upon carbon and Formvar coated slot grids (Synaptek" Notch-Num. 2 x 1 mm slot grids; Electron Microscopy Sciences, Miinchen, Germany).
Prior to immunolabelling, grids were blocked by placing them on drops of calcium-and magnesium-free phosphate buffered saline, pH 7.0 (PBS) containing 1% (w/v) ovalbumin for 5 min. Grids of a series were then placed on: PBS with 1 % (w/v) ovalbumin; or anti-ct tubulin antibody pre-adsorbed with antigen for 60 min at room temperature, diluted 1/50; or anti-y tubulin antibody pre-adsorbed with antigen for 60 min at room temperature, diluted 1/25; or anti-oa tubulin antibody diluted 1/50 in PBS with I % (w/v) ovalbumin; or a 1/25 dilution of anti-y tubulin antibody in PBS with 1% (w/v) ovalbumin. After 60 min incubation and three 5 min washes in PBS, the grids were placed on a drop of 10 nm PAG, diluted 1/40 in PBS with 1 % (w/v) ovalbumin, for 30 min. The grids were then washed three times in PBS for 5 min each. Double labelling was performed by successive incubation with the first antibody, 5 nm PAG (1/65 dilution in PBS, 1% (w/v) ovalbumin) or 10 nm PAG (1/40 dilution in PBS, 1% (w/v) ovalbumin), 5 ,g ml -I free protein A, the second antibody and 10 or 5 nm PAG [34] . All four possible combinations ( tubulin with 5 nm gold followed by y tubulin with 10 nm gold, or y tubulin with 5 nm gold followed by ot tubulin with 10 nm gold, and so on) were used and found to give equivalent results.
After immunolabelling, the grids were rinsed four times (1 min each) in triple-distilled water and fixed by successive treatments with 2 % (w/v) tannic acid for 10 min, 3 washes for 5 sec each in 1 % (w/v) sodium sulfate, 2 % (w/v) glutaraldehyde for 10 min, and then 1 % (w/v) osmium tetroxide for 10 min. The sections were contrasted by staining in 5 % (w/v) uranyl acetate in 50 % ethanol for 10 min, followed by treatment with tannic acid and sodium sulfate as above, 5 % (w/v) lead citrate for 5 min, and then air dried [18] . Pre-embedding labelling of centrosomes with anti-a tubulin and Epon embedding was performed as described [7] .
Sections were examined in a Phillips EM400 equipped with a goniometer stage, at an accelerating voltage of 80 kV and using magnifications of either x 11 700 or x 33 000. Stereo views were generated by bringing the grid to the eucentric position and taking successive images at 0 °, +9 and -9 tilts. Quantitation was performed by measuring the radius (r, see Fig. 3a ) of individual gold labels and of morphological features on individual cross sections. Only sections that were close to perpendicular to the barrel axis (rmax -rmin < 100 A) were used, such that the morphological measurement was unambiguous. Longitudinal sections, parallel to and including the centriole axis, were used to characterize the distribution of y tubulin in the core in terms of radius (r) and distance (d, see Fig. 3a ) from the centriole base.
